Substitution reactions for the complex [Au(dien)Cl] 2+ (dien = 3-azapentane-1,5-diamine) have been explored. Second-order rate constants, k 2 , were predicted for chloride exchange and ring-opening processes using water and the stronger nucleophiles N 3 À and SCN À . Under neutral and basic conditions, the deprotonated form of the complex [Au(dien-H)Cl] + dominates and reacts promptly with all nucleophiles. The predicted reactivity order is SCN À (k 2 = 5.5 Â 10 3 M À1 s À1 ) > N 3 À (k 2 = 10.1 Â 10 1 M À1 s À1 ) > H 2 O (k 2 = 0.4 M À1 s À1 ), in line with the experiment SCN À (k 2 = 1.3 Â 10 3 M À1 s À1 ) > N 3 À (k 2 = 8.0 Â 10 1 M À1 s À1 ) > H 2 O (k 2 = 0.6 M À1 s À1 ). Ring-opening is thermodynamically unfavourable but presents fast kinetics for stronger nucleophiles.
Introduction
In the last 20 years, interest in gold coordination compounds has grown significantly, motivated by catalysis and drug design research. For catalysts, the main molecular features necessary to speed up reactions are known and most catalytic pathways have been elucidated [1] [2] [3] . However, the mode of action of gold complexes as drugs is still unclear, even though biochemists have put forth great effort to map their metabolic routes over the last decade [4, 5] . Theoretical chemistry has also moved forward into gold chemistry, starting with an impressive collection of papers published by Pyykkö [6] [7] [8] . These studies were the basis for the current understanding of the relativistic effects on the unique features of gold, such as its high p-acidity, which is essential for catalysis of nucleophilic addition at C-C double and triple bonds. Two papers focusing on catalysis and reviewing the performance of density functional theory (DFT) to describe the structure and energies of Au(I) and Au(III) complex interactions with unsaturated hydrocarbons appeared almost simultaneously [9, 10] . Faza and co-workers [9] analysed the entire gold-carousel catalytic cycle using almost all DFT functionals available and also addressed basis set and relativistic effects using the CCSD level of theory as a reference. Although optimistic, their conclusions suggest that dispersion-corrected functionals such as M06 are the best choice when combined with effective core potential (ECP) for metal and split-valence basis sets for ligand atoms. The authors also claim that solvent effects are secondary for the reactions analysed, even when solvents with high dielectric constants are used. Kang et al. [10] used a high cor-related level of theory, CCSD(T), including complete basis set (CBS) limit extrapolation, as a reference to assess DFT performance. Their conclusions also note the superiority of dispersion-corrected functionals such as B2-PLYP in addition to the standard hybrid GGA variants, including PBE0 and B3LYP. These studies showed that accounting for scalar relativistic effects with ECP treatment is sufficient for computational studies of the structure and reactivity of gold complexes, in accord with Dyall study on Pt-H binding energy [11] .
Regarding the biochemical properties of Au(III) complexes, recent studies have addressed the kinetics of ligand substitution reactions by relevant bionucleophiles [12, 13] with the aid of quantum mechanical calculations. Standard calculations were accomplished using B3LYP functional, with ECP for gold and a splitvalence double-zeta basis set for the remaining atoms. In Ref. [13] experimental rate constants and activation energies were also provided, although no direct comparison between theory and experiment was done. For the reactions studied in Ref. [12] experimental data were not available. In both studies, the solvent was taken into account through single-point calculations that can incorrectly predict properties of such polar-charged molecules. As extensively reviewed by Rotzinger [14] , for charged species involved in reaction pathways, solvent effects must be included for geometry optimisation due to their sizable dipole moment. This feature makes calculations more challenging, and it is therefore essential that all relevant factors are addressed to assess the complete computation scheme, including the level of theory, balanced basis sets for metal and ligands, and the solvent model. The computation schemes for Pt(II) complexes are better understood, especially in recent studies [15] [16] [17] . In contrast, for the isoelectronic and isostructural Au(III) complexes, studies are still sparse [9, 10, 12, 13] , mainly when ligand substitution reactions are concerned.
In the present Letter, we consider substitution reactions involving the charged [Au(dien)Cl] 2+ complex with water and the stronger nucleophiles OH À , N 3 À and SCN À (Scheme 1). The dien ligand is considered a simple prototype for bifunctional chelates, which are essential to stabilise Au(III) complexes in physiological media [13, 18] . The cytotoxic response of the [Au(dien)Cl] 2+ complex has already been tested against some tumour cells in vitro, and its anticancer activities make it relevant as a leader compound, with IC 50 values below 10 lM [18] . The reactive processes considered here were experimentally analysed almost 50 years ago [19] . The goal was to investigate the ligand-exchange mechanism for the square-planar d 8 complex, including Pt(II) and Au(III) coordination compounds. The reaction of the free base with the desired nucleophile was performed in a buffer solution with pH 7 at 298 K. At this pH, the dien ligand is deprotonated (pK a = 4.7 [20] ) at site N2 (dien-H) and the substitution reaction proceeds following a pseudo-first order kinetic formalism. In this regime, the two-term rate constant, k obs ¼ k 1 þ k 2 ½Nu holds, where k 1 is related to the aquation process and k 2 to the ligand-nucleophile (Nu) exchange. For [Au(dien-H)Cl] + complexes, k 1 is almost negligible compared to k 2 , in contrast to Pt(II) analogues for which aquation is notably relevant. In Ref. [19] , the following reactivity order was established: SCN À > N 3 À > OH À $ H 2 O, with the second-order rate constants provided. Although rate constants ranged from 0.6 to 1300 M À1 s À1 , the variance in activation free energy was less than 5 kcal mol À1 , making these processes good benchmarks to assess the computation schemes. The discussion carried out in this Letter will be useful for further studies addressing substitution reactions of Au(III) complexes in general, which are well recognised to be of paramount importance for the biological action of metallodrugs.
Methodology
A description of the analysed processes is represented in Scheme 1, for the parent free base, [Au(dien)Cl] 2+ , predominant at pH < 4, and its deprotonated form, [Au(dien-H)Cl] + , found in neutral and basic solutions. In acidic solution, only the aquation process was analysed because basic anions such as thiocyanate, azide and hydroxyl cannot exist under such conditions. Chloride substitution and ring-opening were considered, and for the thiocyanate nucleophile, the attacks using both N and S were accomplished, resulting in 12 activation processes to be explored.
Initial guesses for transition-state (TS) structures were proposed based on a standard associative mechanism for square-planar complexes, with the entering and leaving groups located on the equatorial plane of a distorted trigonal bipyramidal geometry. These geometries were further optimised and characterised as saddle points (1st-order TS) on the potential energy surface (PES) using the Becke three-parameter hybrid functional B3LYP [21] , with the 6-31+G(d) basis set for ligand atoms and the Stuttgart RSC 1997 ECP (also known as Stuttgart/Dresden ECP -SDD [22] ), augmented with one set of f (a f = 1.13863280) [23] polarisation functions for gold atom. The solvent effect (water, e = 78.3553) was taken into account for every calculation including geometry optimisation using the integral equation formalism PCM (IEF-PCM) [24] with the cavity constructed using the UFF radii scaled by a = 1.10 (this is the default in GAUSSIAN-09 [25] ). From the saddle point, each reaction path was followed by integrating the intrinsic reaction coordinate (IRC) [26] with 20 points calculated along each direction and a step size of 0.1 a.m.u 1/2 Bohr. The final points in the forward and reverse IRC directions (called intermediates -I) were then further optimised to guarantee full geometric convergence and characterised as true minima on the PES at the same level of theory used for TS geometries. These structures are named reactant (R) and product (P) and are actually molecular complexes within the supermolecular approach commonly used to calculate the kinetic properties of such complexes. The second-order rate constant (k 2 ) was obtained from the Eyring-Polanyi Eq. (1) under normal conditions, namely T = 298.15 K, p = 1 atm and c o = 1 mol L À1 .
All calculations were carried out using GAUSSIAN-09 package Revision A.02 [25] .
Results and discussion
Some structural parameters and atomic charges calculated for the free base are given in Table 1 . All values are from aqueous solution using the calculation protocol described in the previous section, i.e., B3LYP-PCM(UFF-Alpha = 1.10)/SDD(f)/6-31+G(d). For charges, the natural population (NPA) was used together with the Wiberg bond index. The crystal structure has been published for the title complex in its salt form, [Au(dien)Cl]Cl 2 , a molecular entity with pseudooctahedral coordination [27] and two chlorides at the axial positions. The calculated Au-Cl and Au-N bond lengths compare satisfactorily with the experiment, Au-Cl = 2.278(3), Au-N1 = 2.048 (8) and Au-N2 = 2.010(8) Å, with deviations smaller than 0.07 Å justified by the distinct media and lack of intermolecular interactions in the calculations. At pH > 4, the deprotonation of the complexed diethylenetriamine ligand occurs (pK a = 4.7 [20] ), leading to the species [Au(dien-H)Cl] + . We found the deprotonated form at N2 to be 9 kcal mol À1 more favourable than at N1, in accordance with the expected deprotonation of the central amine group [20] . Upon deprotonation, the Au-N2 bond is shortened and the Au-Cl bond is significantly elongated as a consequence of the enhanced trans influence of deprotonated amine relative to chloride. It is also noticeable from the Wiberg bond index (values in parenthesis in Table 1), that for the dien-H form, the Au-N2 bond becomes stronger than Au-Cl, conversely to original base. The other Au-N1,3 bonds are also weaker in the deprotonated species; however, the decrease in the Au-N1,3 bond order (8%) is much lower than that predicted for Au-Cl (24%). Therefore, the ring-opening should be less probable at pH > 4 due to acceleration of chloride exchange. It may be also said that the ligand chelating effect should mainly be driven by the Au-N2 interaction strength as well as the overall complex stability. The variation of partial charges upon deprotonation is monotonic, with a decrease of electron density on N2 due to the electron donation to the Au centre that increases its electron density by the same amount ($0.07e). The partial negative charge of chloride increases by 53%, and as a result, the dipole moment, whose vector is aligned with the N2-Au-Cl axis, decreases substantially (see Table 1 ).
The aquation process
The aquation process (H 2 O/Cl À exchange) was analysed first, as it is the common reaction for most Pt(II) and Au(III) complexes in solution at low concentrations of chloride and plays a primary role for metallodrug stability and activation under physiological conditions. The aquation reaction was carried out for both complex forms, namely [Au(dien)Cl] 2+ and [Au(dien-H)Cl] + , with the latter dominant at pH > 4. The structural data for the reactive species (R, TS and P) on the chloride exchange pathway are given in Table 2 , and the optimised geometries are depicted in Figure S1a Table 1 ). It can be seen in the shortening of the Au-O bond in the TS structure (cf. shows that the reactant is stabilised by a strong hydrogen bond, with N3. . .O distances of approximately 2.83-2.87 Å. For the product, the leaving chloride lies between the water and -NH 2 moieties. A notably short O. . .Cl distance is predicted when the amine ligand is in the dien form: 2.88 Å compared to 2.98 Å for the non-protonated dien-H form. This is a consequence of the stronger Au-O bond in the former, which strengthens the acidity of the aqua species.
Both reactions are predicted to be highly endothermic, with DH r equal to 17.2 and 10.2 kcal mol À1 , respectively. Entropy decreases for the R ? P process mostly due to the interaction of water with the remote chloride in P. Consequently, reactions are predicted to be non-spontaneous, with a DG r value of 19.6 and 11.2 kcal mol À1 for dien and dien-H forms, respectively. The kinetic parameters are given in Table 3 and show that the aquation process leading to chloride release is much faster at pH > 4 than under acidic conditions, in line with our previous discussion regarding the free base. The weakening of the Au-Cl bond upon deprotonation of the amine ligand is the main feature contributing to acceleration of the reaction. At pH < 4, the hydrolysis of the complex was not observed experimentally. Nevertheless, the experimental rate constant for the process at pH $ 7 and T = 298 K, reported as k expt: 2 ¼ 0:6 M À1 s À1 [19] , is of the The numbering sequence is shown in Scheme 1. Trigonality degree calculated as |a-b|/60°with a and b being the two largest angles on the coordination sphere. For pentacoordinate compexes, when s = 0 the geometry around metal is a perfect square-planar and when s = 1 the structure is a trigonal bipyramidal geometry. b Metal-ligand bond variation during the activation process. For DR < 0 the mechanism is assigned as associative interchange (Ia) and for DR > 0 the mechanism is of dissociative interchange type (Id). For DR = 0 a concerted mechanism (I) operates. same order as that predicted here, k calc: 2 ¼ 0:36 M À1 s À1 . According to the experimental results, this rate constant is pH independent up to pH = 9.5 but increases in more basic media. We attempted to model the reaction in basic medium using OH À as the nucleophile. On the contrary to the expected behaviour, the reaction should proceed more slowly than aquation DG a = 26.53 kcal mol À1 ), with an increased activation barrier. In this process, there was a proton transfer from the amine ligand (N1) to the hydroxyl ion and, consequently, weakening of the Au-N3 bond (see Figure S2 ). In the supermolecule of reactant, the water is strongly H-bonded to the N1 amine site (d N1. . .O = 2.79 Å), stabilising the reactant.
The ring-opening of the tridentate ligand for both Pt(II) and Au(III) complexes has been studied more thoroughly [20 28] using dien and its alkylated derivatives. These reactions were accomplished in the presence of a high concentration of bromide [20] and chloride [28] and demonstrate the role of a ring-opening process for the whole substitution reaction. As a rule, ring-opening happens easily for alkyl substituted ligands (mainly ethyl derivatives) that occupy the axial region around the metal, inhibiting nucleophilic attack [20] . For the nucleophiles considered in the present Letter, experimental studies for ring-opening processes were not available, but we briefly discuss and compare this reaction with the chloride ligand-exchange process.
The structural parameters for ring-opening reaction using water are given in Table S1 . The associative mechanism is clearly observed in asymmetric vibrational stretching mode connected with simultaneous decrease of Au-O and increase of Au-N1 bonds and vice versa. As found for the chloride substitution, a closely concerted mechanism is expected for the dien-H form of the complex. The optimised geometries are represented in Figure S1b of the Supplementary material ([Au(dien)Cl] 2+ ) and Figure 1b ([Au(dien-H)Cl] + ). For both ring-opening processes, water-amine proton transfer was predicted for the product, which is expected due to the high acidity of the aqua species. As a consequence, the Au-N1 distance increases by 1.2 Å from TS to P (see Table S1 ). The kinetic quantities are given in Table 3 and show a very slow ringopening process in water, which can be expected for such a weak nucleophile. As discussed previously, at higher pH, chloride exchange is accelerated by weakening of the Au-Cl bond and precludes the chelate displacement. Although notably slow, the thermodynamics of the ring-opening process are slightly more favourable than chloride exchange: DG r 6.3 and 10.5 kcal mol À1 for dien and dien-H ligand forms, respectively.
The ligand-nucleophile substitution processes
The substitution reactions involving N 3 À and SCN À anions are discussed in this section. Coordination through both the N and S atoms was considered for the thiocyanate anion and abbreviated here as the NCS À and SCN À modes, respectively. The relevant structural parameters for chloride release are shown in Table 4 , and the optimised geometries are depicted in Figure S3 of the Supplementary material (NCS À ) and Figure 2 (N 3 À and SCN À ). From the values of DR ($À1.5 Å), the mechanisms are assigned mostly as associative interchange (Ia) due to the importance of Au-Nu À bond formation, which is not the case for neutral nucleophiles, as discussed previously for water (DR = À0.97 Å in Table 2 ). The optimised geometries for R, TS and P involved in chloride release through an N 3 À process are represented in Figure 2a . For this process, the N. . .N3 hydrogen bond plays an important role in the activation reaction, contributing to the stabilisation of R where the N. . .N3 distance is 2.86 Å, characterising a strong hydrogen bond. Though the N. . .N3 interaction is weaker in the TS it is enough to align the azide nucleophile parallel to the N3-Au-N1 axis, with \N-N-Au = 104.9°. This angle opens to 120.8°in the P structure, where the N 3 À ligand lies in the same plane as the nitrogen atoms of the dien-H ligand. The N. . .N hydrogen bond also plays a primary role for NCS À reaction (Figure S3a) where the predicted reactant is strongly stabilized by an N. . .N hydrogen bond (2.88 Å). For SCN À mode the sulphur atom is closer to the amine group; the N. . .S distance is 3.39 Å (Figure 2c) . In contrast, for TS and P geometries a remarkable contribution from the N. . .N hydrogen bond is observed for the SCN À mode only (because the nitrogen moiety is free) (Figure 2c ). For these structures, the N. . .N3 hydrogen bond distances are 3.23 (TS) and 3.52 Å (P). It is also clear that the SCN À is aligned parallel to the N3-Au axis with \C-S-Au angles equal to 92.9°and 100.3°f or TS and P species, respectively, favouring the N. . .N interaction. The analogous N. . .S non-bonding interaction in NCS À is not relevant for the processes analysed here, as is evident from the geometries of the species on the NCS À path (Figure S3a) , where sulphur is at least 5 Å from any amine nitrogen. For the product geometry, the NCS À nucleophile is indeed practically collinear to the N2-Au bond, with \N-Au-N2 = 176.1°. Looking back to Table 4 , the trans influence of sulphur is noticeable in the product structure for SCN À ; the Au-N2 bond is 0.04 Å longer than the corresponding bond in the product species for NCS À . Interestingly, the electronic effect of sulphur also acts in the TS pentacoordinate geometry. It can be noted in Table 4 that the Au-N2 and Au-Cl bond lengths are 2.069 and 2.733 Å, respectively, for NCS À and 2.085 and 2.743 Å, respectively, for SCN À modes. This certainly plays a role in the activation energies and facilitates chloride release as discussed in the next paragraph.
The dechlorination processes were found to be exothermic for N 3 À (DH r = À3.88 kcal mol À1 ) and SCN À (DH r = À1.44 kcal mol À1 ) while it is slightly endothermic for NCS À nucleophile (DH r = 1.37 kcal mol À1 ). When entropy changes are included, all three processes are found to be spontaneous, with DG r equal to À3.99, À1.99 and À0.44 kcal mol À1 , respectively, for N 3 À , SCN À and NCS À ligands. The two latter values are small, and both modes of coordination are nearly probable, with coordination through sulphur found slightly more spontaneous. The kinetic parameters are shown in Table 5 . The activation free energy varies within a narrow range from 12.34 (SCN À ) to 14.71 kcal mol À1 (N 3 À ). The free energy barrier for the NCS À path is higher than the SCN À mode, reflecting in the significantly low rate constant for the former. For thiocyanate process the experimental rate constant is 1300 M À1 s À1 , nearly five times smaller than our best value for coordination through sulphur (5530 M À1 s À1 ). It is worth noting that in spite of the 5-fold higher rate constant predicted for SCN À compared to experimental data, the corresponding difference in DG a is only 0.81 kcal mol À1 . For N 3 À , the agreement with experimental value is better; with rate constant of 101 M À1 s À1 found (the experimental value is 80 M À1 s À1 ). Again, the difference between experimental and calculated Gibbs free energy is notably small, only 0.14 kcal mol À1 .
Ring-opening process by water was shown to be significantly slower when compared to chloride exchange (see Table 3 ). It should not therefore occur in the absence of any other stronger nucleophiles. For N 3 À and SCN À , our results predict more favourable Metal-ligand bond variation during the activation process. For DR < 0 the mechanism is assigned as associative interchange (Ia) and for DR > 0 the mechanism is of dissociative interchange type. For DR = 0 a concerted mechanism operates. ring-opening reactions than for pure water. The structures are represented in Figures S3b and 2b and d and the main structural parameters are quoted in Table S2 . All mechanisms are Ia-type, demonstrating the importance of Au-Nu À bond formation regardless of the pathway followed. In the TS structures of N 3 À and SCN À , the N. . .N1 interaction is weak and the nucleophiles align to the Au-N2 bond. Attempts were made to find a distinct TS geometry, with the entering ligand aligned to the Au-N1 bond, but the structures found were significantly distorted, with an N. . .N1 distance larger than 3.6 Å and an N1-H. . .N angle lower than 130°. These structures were indeed 0.7 kcal mol À1 higher in energy than those represented in Figure 2b and d and were thus not further considered.
All three processes discussed here leading to ring-opening were predicted to be endothermic and non-spontaneous, with H r and G r in the range between 12.7-19.8 and 12.9-19.8 kcal mol À1 . This is in contrast with the chloride exchange reactions, which were all predicted to be spontaneous. Kinetics for the reactions using N 3 À and SCN À were predicted to be notably faster (see Table 5 ), with rate constants equal to 2.46 and 1.50 M À1 s À1 , respectively. For the ring-opening process with NCS À , the barrier was high due to the great stability of the reactant species. Under kinetic conditions, ring-opening might compete with chloride exchange when the gold complex is in the presence of N 3 À or SCN À , even though thermodynamics favour the dechlorination process.
Conclusions
The present Letter studies the reaction of the [Au(dien-H)Cl] + complex with water and stronger nucleophiles, namely OH À , N 3 À and SCN À (using N or S as the coordination site). For water, the process was also accomplished for the [Au(dien)Cl] 2+ complex form, which is predominant in acidic media. In addition to the standard ligand exchange process, ring-opening was considered as a possible side reaction. Structures and energies were calculated in aqueous solution, abbreviated as B3LYP-PCM(UFF-Alpha = 1.10)/SDD(f)/ 6-31+G(d). For the aquation reaction, which is considered of primary importance for activation of metallodrugs, chloride exchange was found to be much faster in neutral and basic media, where the [Au(dien-H)Cl] + species dominates. This was due to weakening of the Au-Cl bond in trans position to the deprotonated secondary amine at N2. For this reaction, the second-order rate constant was 0.4 M À1 s À1 , in fine agreement with experimental values (0.6 M À1 s À1 ). Under acidic conditions (pH < 4) aquation is significantly slower (k 2 $ 10 À7 M À1 s À1 ); the ring-opening reaction was less significant in the presence of neutral water nucleophile (k 2 $ 10 À11 M À1 s À1 ). The substitution reactions, including ringopening, are predicted faster in the presence of stronger nucleophiles. For N 3 À and SCN À (coordinated through S) the rate constants for chloride exchange were 10.1 Â 10 1 and 5.5 Â 10 3 M À1 s À1 , respectively. These values agree satisfactorily with the experimental data, 8.0 Â 10 1 and 1.3 Â 10 3 M À1 s À1 . Despite the 2-to 5-fold higher rate constant predicted here, the agreement with activation free energy is within 0.9 kcal mol À1 . Interestingly, for N 3 À and SCN À nucleophiles, the ring-opening reactions were also predicted to proceed at considerable rates, although these processes are highly unfavourable compared to chloride exchange. In short, the reactive order predicted here was SCN À (coordinated through S) > N 3 À > H 2 O based on kinetic analysis and N 3 À > SCN À (coordinate through S) > H 2 O based on thermodynamic analysis. For the thiocyanate anion, coordination through N is also a viable process that closely resembles coordination through the S site. 
